c Protein arginine methyltransferase 3 (PRMT3) forms a stable complex with 40S ribosomal protein S2 (RPS2) and contributes to ribosome biogenesis. However, the molecular mechanism by which PRMT3 influences ribosome biogenesis and/or function still remains unclear. Using quantitative proteomics, we identified human programmed cell death 2-like (PDCD2L) as a novel PRMT3-associated protein. Our data suggest that RPS2 promotes the formation of a conserved extraribosomal complex with PRMT3 and PDCD2L. We also show that PDCD2L associates with 40S subunit precursors that contain a 3=-extended form of the 18S rRNA (18S-E pre-rRNA) and several pre-40S maturation factors. PDCD2L shuttles between the nucleus and the cytoplasm in a CRM1-dependent manner using a leucine-rich nuclear export signal that is sufficient to direct the export of a reporter protein. Although PDCD2L is not required for the biogenesis and export of 40S ribosomal subunits, we found that PDCD2L-null cells accumulate free 60S ribosomal subunits, which is indicative of a deficiency in 40S subunit availability. Our data also indicate that PDCD2L and its paralog, PDCD2, function redundantly in 40S ribosomal subunit production. Our findings uncover the existence of an extraribosomal complex consisting of PDCD2L, RPS2, and PRMT3 and support a role for PDCD2L in the late maturation of 40S ribosomal subunits.
P
roliferating cells greatly rely on protein synthesis to provide a continuous source of structural and catalytic proteins to grow, duplicate, and expand. The ribosome is an evolutionarily conserved macromolecular machine responsible for protein synthesis and consists of a ribonucleoprotein complex composed of four noncoding rRNAs and ϳ80 ribosomal proteins (RPs) in eukaryotes. Ribosome biogenesis necessitates a major commitment in terms of cellular energy consumption, involving transcription from all three eukaryotic RNA polymerases, the spatial and temporal action of more than 300 ribosome assembly factors, and several quality control checkpoints to ensure proper ribosome assembly (1) . In fact, given the substantial amount of resources invested in making ribosomes, the past few years have seen a growing body of evidence linking ribosome biogenesis to nutrient, growth factor, and stress responses (2) , thereby implicating the regulation of ribosome biogenesis in stem cell homeostasis (3, 4) and cancer biology (5) .
In eukaryotes, ribosome biogenesis begins in the nucleolus with the synthesis of a precursor rRNA (pre-rRNA) that is cotranscriptionally assembled into a large ribonucleoprotein particle (RNP) via the recruitment of specific RPs and early maturation factors (6) . This large ϳ90S preribosome complex is then rapidly converted into precursors of the 40S and 60S ribosomal subunits via a complex series of endonucleolytic and exonucleolytic RNA cleavage events (6) . Pre-40S particles are rapidly exported from the nucleus and further processed in the cytoplasm, whereas maturation of pre-60S particles continues in the nucleus before export to the cytoplasm. The nuclear export of both pre-40S and pre-60S particles depends on the RanGTP-binding exportin CRM1, which recognizes a leucine-rich nuclear export signal (NES) in adaptor proteins to facilitate export from the nucleus (7) . Interestingly, whereas the NES-containing adaptor Nmd3 has been shown to be essential for pre-60S export in yeast and vertebrates (8) (9) (10) (11) , the identification of a similar NES adaptor essential for pre-40S subunit export has remained elusive.
Historically, the ribosome is viewed as a generic machine that translates all mRNAs equally. However, findings in the past decade challenge this simplistic view and suggest that heterogeneity in ribosome composition may give rise to specialized ribosomes (12) . One of the mechanisms proposed to promote ribosome heterogeneity is the addition of posttranslational modifications to RPs. Interestingly, whereas RPs are subject to a variety of posttranslational modifications (13) (14) (15) , few RP-modifying enzymes have been identified. Methylation of RPs at arginines in both the eukaryotic 40S and 60S ribosomal subunits is evolutionarily conserved (16) (17) (18) and fluctuates depending on growth conditions (19, 20) . Work in the fission yeast Schizosaccharomyces pombe identified the first eukaryotic RP methyltransferase, protein arginine methyltransferase 3 (PRMT3), which methylates 40S ribosomal protein S2 (RPS2) (21) . PRMT3 is an evolutionarily conserved cytosolic arginine methyltransferase that contains a single C 2 H 2 -type zinc finger (22) , which is required for interactions with RPS2 (23) . Arginine methylation of RPS2 was also demonstrated in human cells (24) and in Saccharomyces cerevisiae (25) , indicat-ing the existence of a conserved RP modification. Consistent with a role in ribosome function, disruption of PRMT3 results in aberrant ribosome profiles in S. pombe and Arabidopsis (21, 23, 26) . Furthermore, hypomorphic PRMT3 mice and PRMT3-null plants show developmental defects reminiscent of ribosome biogenesis mutants, including reduced embryo size and growth retardation (26, 27) . As yet, however, the exact role of PRMT3 in ribosome biogenesis and/or ribosome function remains poorly understood.
Here, we used quantitative proteomics in human cells to identify novel PRMT3-associated proteins. High-resolution mass spectrometry (MS) analysis of PRMT3 purifications uncovered a stable complex consisting of PRMT3, RPS2, and the programmed cell death 2-like (PDCD2L) protein. PDCD2L belongs to a protein family that contains a TYPP (TSR4, YwqG, PDCD2L, and PDCD2) domain, which has been proposed to promote protein-protein interactions based on structure prediction (28) . Although the S. cerevisiae ortholog of PDCD2L, Trs4p, is required for processing of the 20S pre-rRNA into mature 18S rRNA (29) , the functional role of human PDCD2L had remained unknown. In this study, we show that a fraction of PDCD2L associates with late-stage 40S ribosomal subunit precursors that contain a 3=-extended form of 18S rRNA (18S-E pre-rRNA). PDCD2L contains a leucine-rich NES that is both necessary and sufficient for interactions with CRM1 and nucleocytoplasmic shuttling. Disruption of PDCD2L expression in human cells resulted in the accumulation of free 60S ribosomal subunits, a phenotype which is suggestive of defects in 40S ribosomal subunit availability. Our data also reveal some level of redundancy between PDCD2L and its paralog, PDCD2, in 40S ribosomal subunit biogenesis. Our findings uncover the existence of an extraribosomal complex consisting of PDCD2L, RPS2, and PRMT3 and support a role for PDCD2L in the late maturation of 40S ribosomal subunits.
MATERIALS AND METHODS
Cell culture. HEK 293, U-2 OS, and HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% tetracyclinefree fetal bovine serum (FBS). Inducible expression of green fluorescent protein (GFP), GFP-PRMT3, GFP-PDCD2L, GFP-PDCD2L NESmut , GFP-PABPN1, Flag-PDCD2L, and Flag-PABPN1 was achieved by site-directed recombination using the Flp-flippase recognition target system in HEK 293-FT and U-2 OS-FT cells, as previously described (30) . Induction of GFP-and Flag-tagged proteins was achieved with 500 ng/ml of doxycycline for 20 h to 72 h. Small interfering RNAs (siRNAs) were transfected with Lipofectamine 2000 at a final concentration of 25 nM (control siRNA [siControl] and siRNA against PDCD2L [siPDCD2L]) or 32 nM (siBystin and siRPS2) for 72 h.
Generation of PDCD2L-null cells using the clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 system. For the deletion of PDCD2L in HeLa cells, 2 guide RNAs (gRNAs), the Cas9 nickase, and a template DNA were used. gRNA-A (5=-CGTGCACCGGCGCATC TCGAAGG-3=) and gRNA-B (5=-TGCCTGGACTGCTAGCAAGCTGG-3=) were designed via the CRISPR Design Web tool (available at http: //crispr.mit.edu/). These sequences were inserted into the pSpCas9n(BB)-2A-GFP vector (Addgene) as previously described (31) . For the construction of the template DNA construct containing the puromycin resistance gene (puromycin N-acetyltransferase [PAC] ) under the control of the cytomegalovirus (CMV) promoter flanked by two PDCD2L homology regions, pEGFP-C1 (Clontech) was used as the backbone vector. The PAC sequence was amplified from pTRIPZ (GE Dharmacon), and the CMV promoter and immediate early enhancer sequences were amplified from pEGFP-C1 (Clontech). PDCD2L homology sequences were amplified from HeLa genomic DNA. For the 5= PDCD2L homology arm, a 791-bp sequence ending at the nucleotide before gRNA-A was amplified. For the 3= PDCD2L homology arm, a 784-bp sequence starting at the nucleotide after gRNA-B was amplified. Gibson assembly was used to insert the homology arms into the backbone vector. The PAC and CMV promoter sequences were joined by PCR fusion and inserted between the homology arms using BglII and NotI digestions.
HeLa cells were seeded into a 15-cm plate. The next day, cells were transfected with 10 g of pSpCas9n(BB)-2A-GFP-gRNA-A, 10 g of pSpCas9n(BB)-2A-GFP-gRNA-B, and 20 g of the linearized DNA template using 80 l of Lipofectamine 2000 (Life Technologies). At 48 h posttransfection, positive cells were selected by the addition of 2 g/ml of puromycin (Wisent) to the cell culture medium. Following the visual detection of puromycin-resistant colonies, cells were detached, counted, and diluted sufficiently to obtain 1 cell/well in a 96-well plate. Following cellular expansion of individual clones in puromycin-supplemented medium, the cells were divided into two 24-well plates: one plate was used for screening by Western blotting, and the other was used for cell maintenance. In total, five independent PDCD2L-null clones were frozen and kept in liquid nitrogen. The inactivation of PDCD2L alleles was confirmed by DNA sequencing and Western blotting.
SILAC and label-free purifications. For stable isotope labeling in cell culture (SILAC) experiments, proteins were labeled with stable isotopes of arginine and lysine in cell culture, as previously described (32) . Briefly, HEK 293-FT cells expressing GFP-or Flag-tagged versions of proteins were grown in medium containing labeled amino acids (Cambridge Isotope Laboratories). Twenty-four hours to 48 h after induction with doxycycline, cells were collected in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 2 mM MgCl 2 , 1 mM dithiothreitol [DTT] , and 1ϫ Complete protease inhibitor cocktail [Roche] ) and incubated at 4°C for 20 min. Lysates were centrifuged for 10 min at 13,000 rpm at 4°C, and equal amounts of proteins were incubated with GFP-trap agarose beads from ChromaTek (Martinsried, Germany) or anti-Flag M2 affinity gel (Sigma-Aldrich) for 3 h at 4°C. Beads were then washed 5 times with lysis buffer, and proteins were subjected to two rounds of elution by the addition of 100 l of denaturing buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 0.1 mM DTT) for 10 min at 90°C. Eluates were concentrated by using a SpeedVac and resuspended in reducing buffer (125 mM Tris-HCl [pH 8.0], 1.25% SDS, 37.5% glycerol, 60 mM DTT, 0.025% bromophenol blue). Gel electrophoresis, in-gel digestions, liquid chromatography-tandem mass spectrometry (LC-MS/MS), and analysis of SILAC ratios were performed as described previously (32) .
Protein analysis and antibodies. Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes, and analyzed by immunoblotting using the following primary antibodies: anti-PABPN1 (Epitomics); antitubulin, antiactin, and anti-Flag (catalog numbers T5168, A5441, and F1804, respectively; Sigma-Aldrich); anti-PRMT3 (catalog number A302-526A; Bethyl); anti-PDCD2L (catalog number A303-783A; Bethyl); anti-hRRP12, anti-PNO1, and antibystin (catalog numbers sc-139043, sc-133263, and sc-271722, respectively; Santa Cruz Biotechnology); anti-hLTV1 (catalog number ab122100; Abcam); anti-RPL17 (catalog number GTX111934; GeneTex); and anti-RPS2 (a generous gift from Mark Bedford). Membranes were then probed with either a donkey anti-rabbit antibody conjugated to IRDye 800CW (catalog number 926-32213; Li-Cor) or a goat anti-mouse antibody conjugated to Alexa Fluor 680 (catalog number A-21057; Life Technologies). Protein detection was performed by using an Odyssey infrared imaging system (Li-Cor).
Yeast two-hybrid assays. PRMT3, RPS2, and PDCD2L cDNAs were cloned into plasmids pVP16 and pLexNA and transformed in Saccharomyces cerevisiae strain L40. Levels of ␤-galactosidase activity were measured by liquid assays within the linear response range, as previously described (33) .
Sucrose gradient analysis. To analyze the cosedimentation of PDCD2L with ribosomal particles, sucrose gradient centrifugation was performed as previously described (21 13 ,000 rpm for 10 min at 4°C, 7 to 10 mg of total protein was loaded onto a 10 to 45% sucrose gradient and centrifuged for 6 h at 40,000 rpm at 4°C in an SW41 rotor (Beckman Coulter). The gradient was then fractionated by upward displacement with 55% (wt/vol) sucrose using a gradient fractionator (Brandel Inc.) connected to a UA-6 UV monitor (Teledyne Isco) for continuous measurement of the absorbance at 254 nm. Fractions (0.6 ml) were collected, and proteins were precipitated with trichloroacetic acid (TCA) (15% final concentration) and analyzed by Western blotting.
For ribosome distribution profiles, cycloheximide-treated cells were washed twice with PBS, and lysis buffer was added directly to 15-cm dishes. Cells were scraped, incubated for 20 min at 4°C, and centrifuged. Five percent of the supernatant was kept for Western analysis, and the remainder (3.5 mg of total protein) was loaded onto a 5 to 50% sucrose gradient and centrifuged for 3 h at 40,000 rpm. 40S, 60S, and 80S subunit curves were reproduced in Excel, and the area under the curve was calculated by using the rectangle method.
RNA analysis. Total RNA was prepared by using TRIzol (Life Technologies), and pre-rRNA species were analyzed by Northern blotting as previously described (34) , with the following modifications: 4 g/well of total RNA, mixed with 5 volumes of loading dye (10 mM EDTA, 60% glycerol, 0.04% bromophenol blue), was loaded onto a 0.8% denaturing agarose gel (0.8% agarose, 20 mM morpholinepropanesulfonic acid [MOPS], 5 mM sodium acetate, 1 mM EDTA, 6.3% formaldehyde) and run in MOPS buffer (20 mM; 5 mM sodium acetate, 1 mM EDTA) at 110 V. Northern blots were hybridized by using 32 P-labeled probes (5=-CCT CGCCCTCCGGGCTCCGTTAATGATC-3= for 5= internal transcribed spacer 1 [ITS1], 5=-TTTACTTCCTCTAGATAGTCAAGTTCGACC-3= for 18S, and 5=-CCCGTTCCCTTGGCTGTGGTTTCGCT-3= for 28S). Signals were detected and quantified by using a Typhoon Trio instrument.
RNA coimmunoprecipitation (RIP) assay. A 15-cm dish of HEK 293-FT cells conditionally expressing Flag-PDCD2L or Flag-PABPN1 was induced by using doxycycline for 72 h. Cells were washed twice with PBS, and 5% of cells were kept for total RNA extraction (input fraction). Cells were then resuspended in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 2 mM MgCl 2 , 1 mM DTT, Complete protease inhibitor cocktail [Roche] , and 40 U/ml RNase Out [Life Technologies]) and incubated for 20 min at 4°C. The lysate was centrifuged at 13,000 rpm for 10 min at 4°C, and 5% of the lysate was kept for protein analysis. The remainder of the lysate was incubated with anti-Flag M2 affinity gel (Sigma-Aldrich) for 3 h at 4°C. The beads were washed 5 times with lysis buffer, and 10% of the beads were kept for protein analysis. RNA was extracted from the remainder of the beads by using TRIzol reagent (Life Technologies) and analyzed by Northern blotting.
rRNA pulse-chase assays. Pulse-chase analyses of pre-rRNA processing were performed based on a previously described method (35) but with some modifications. Briefly, wild-type and PDCD2L-null cells were incubated in serum-free and methionine-free medium for 30 min, after which the cells were pulsed for 30 min by using the same medium but supplemented with 25 Ci of L-[methyl-
3 H]methionine (1 Ci/ml). The cells were then rinsed with regular medium and chased in complete DMEM for the indicated times. Cells were rinsed with ice-cold PBS and resuspended in 500 l of TRIzol reagent for RNA extractions. A total of 15,000 to 20,000 cpm of radioactivity was resolved on 1.25% agarose-formaldehyde gels. RNAs were then transferred to Hybond-N ϩ membranes (GE Healthcare), UV cross-linked, and exposed to film for 3 to 4 weeks at Ϫ80°C.
Microscopy. Leptomycin B (LMB) was purchased from Sigma-Aldrich and used at a final concentration of 10 nM in 70% methanol. Visual analysis of GFP-tagged proteins in human cells was performed as previously described (36) . U-2 OS cells were washed twice with PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, and washed twice again with PBS. Fixed cells were permeabilized by using a 0.2% Triton X-100 -PBS solution for 10 min and washed 3 times with PBS. For the data shown in Fig. 5 , cells were equilibrated for 20 min in PBS-1% bovine serum albumin (BSA) followed by 1 h of incubation with a primary antibody dilution in PBS-1% BSA (antifibrillarin at 1/400; Cell Signaling Technology). Cells were washed 3 times with PBS-1% BSA and incubated with a secondary antibody dilution (rabbit antibody-Alexa Fluor 568 [Invitrogen] at 1/1,000 in PBS-1% BSA) for 1 h. After 3 washes, coverslips were mounted onto a slide with SlowFade Gold antifade solution (Life Technologies). Images were captured by using a Zeiss Axio Observer microscope with either a 63ϫ or a 100ϫ oil objective.
CRM1-binding assay. Flow cytometry-based in vitro binding assays were performed as previously described (37) . PDCD2L cDNA was transferred into plasmid pDEST15 by using LR Clonase II (Life Technologies). To obtain pDEST15-PDCD2L NESmut , we substituted Leu162, Leu165, and Leu167 for alanine residues by site-directed mutagenesis. Glutathione Stransferase (GST) alone, GST-PDCD2Lm and GST-PDCD2L NESmut were produced in Escherichia coli BL21 cells and purified by using glutathioneSepharose beads. A total of 9 pmol Cy3-labeled CRM1 alone or in the presence of 180 pmol Ran Q69L -GTP and 70 pmol Nup214 (amino acids [aa] 1916 to 2033) was used for binding assays.
RESULTS

Identification of PDCD2L as a new PRMT3-associated protein.
We and others previously reported the identification of a complex between PRMT3 and RPS2 (21, 24) . However, with the exception of RPS2, the protein interaction network of PRMT3 has remained largely unknown. To investigate the network of PRMT3-associated proteins, we generated a Flp-In T-Rex HEK 293 cell line expressing a tetracycline-inducible and N-terminally GFP-tagged version of PRMT3. Specific PRMT3 interaction partners were determined by using the SILAC methodology (38), followed by GFP-PRMT3 purification and high-resolution MS. The presence of the GPF-PRMT3 bait protein in the eluate was confirmed by Western blotting before MS analysis.
The SILAC-coupled MS approach classifies interactions by specificity (ratio of peptide intensities between the GFP-PRMT3 purification and a control purification) and protein abundance, as estimated from the sum of the peptide signal intensities of a given protein normalized to its molecular mass (Fig. 1A) . As expected, RPS2 was the strongest PRMT3-associated protein identified by SILAC, detected at high levels in the PRMT3 pulldown. In total, 151 proteins showed at least a 2-fold enrichment of the SILAC ratio in the GFP-PRMT3 purification relative to the control ( Fig.  1A ; see also Table S1 in the supplemental material). Notably, besides RPS2, the PDCD2L protein was among the strongest PRMT3-associated proteins, showing a robust SILAC ratio and a high abundance ( Fig. 1A ; see also Table S1 in the supplemental material). A reciprocal immunoprecipitation assay validated the PRMT3-PDCD2L association, as PRMT3, but not actin, was detected in the eluate of an anti-Flag purification of Flag-PDCD2L (Fig. 1B, lane 8) . In contrast, PRMT3 was not detected in eluates of control purifications (Fig. 1B, lanes 5 to 7) . Importantly, we showed that immunoprecipitation of endogenous PRMT3 copurified endogenous PDCD2L and RPS2, whereas PDCD2L and RPS2 were not detected in a control immunoprecipitation (Fig.  1C , lanes 2 and 3). As an additional control, immunoprecipitation of endogenous PRMT3 using extracts prepared from PDCD2L-null cells (using CRISPR-Cas9-mediated genomic targeting [see Materials and Methods]) did not detect PDCD2L, yet RPS2 was still copurified with PRMT3 (Fig. 1C, lane 4) . Consistent with this, the distribution of endogenous PRMT3 across a density gradient was not altered by a deficiency in PDCD2L (see Fig. S1 in the supplemental material). Together, these results uncover PDCD2L as a new PRMT3-associated protein and indicate that PDCD2L is not required for the association between PRMT3 and RPS2.
RPS2 is required for the association between PRMT3 and PDCD2L. The predicted homolog of PDCD2L in Drosophila melanogaster, TRUS (CG5333), was previously identified as an RPS2-interacting protein by using a high-throughput two-hybrid screening approach (39) . To test whether PDCD2L associates with RPS2 in human cells, we investigated the presence of RPS2 in immunoprecipitates of Flag-PDCD2L. As shown in Fig. 2A , both endogenous RPS2 and PRMT3 were detected after purification of Flag-tagged PDCD2L (lane 4) but not after purification of a control Flag-tagged protein (lane 3). We next analyzed the association between human RPS2, PRMT3, and PDCD2L by using the yeast two-hybrid system. We found that RPS2 strongly interacts with both PDCD2L (Fig. 2Bi) and PRMT3 (Fig. 2Bii) . Interestingly, the interaction between PRMT3 and PDCD2L was roughly 5 times weaker than the interaction between PRMT3 and RPS2 (Fig. 2Bii) , suggesting that RPS2 may promote and/or stabilize the association between PRMT3 and PDCD2L.
To test the possibility that RPS2 bridges the association between PRMT3 and PDCD2L, we analyzed the effect of depleting RPS2 on the association between PRMT3 and PDCD2L. To this end, cells that stably expressed GFP-PRMT3 and a control GFPtagged protein were treated with either RPS2-specific or control nontarget siRNAs. RNA interference (RNAi)-mediated depletion of endogenous RPS2 generally resulted in a 50% knockdown efficiency, yet total levels of PDCD2L and GFP-PRMT3 were not affected by the depletion of RPS2 (Fig. 2C , compare lane 3 to lanes 1 and 2). Notably, purification of GFP-PRMT3 from RPS2-depleted cells showed a significant decrease in the recovery of PDCD2L compared to purification of GFP-PRMT3 prepared from cells treated with control siRNAs (Fig. 2C , compare lanes 5 and 6, and D). We also examined whether the association between RPS2 and PDCD2L in human cells required the presence of PRMT3. As shown in Fig. 2E , depletion of PRMT3 reduced the levels of RPS2 copurified with PDCD2L (compare lanes 7 and 8). Together, these data suggest that both RPS2 and PRMT3 are required for the formation of a stable PRMT3-RPS2-PDCD2L complex.
PDCD2L associates with 40S ribosomal subunit precursors.
PDCD2L exhibits sequence homology to budding yeast Tsr4p, a protein identified in a genetic screen for factors required for the processing of the 20S rRNA precursor (29) , which gives rise to the mature 18S rRNA of the 40S ribosomal subunit. As yet, however, a molecular function for human PDCD2L has remained unknown. To begin to explore the functional role of human PDCD2L, we used quantitative proteomics to define the proteinprotein interaction network of PDCD2L via SILAC. As for PRMT3, we generated a HEK 293 cell line conditionally expressing a tetracycline-inducible and GFP-tagged version of PDCD2L. Data from the analysis of PDCD2L-associated proteins identified by SILAC-coupled MS are presented in Fig. 3A . In total, 25 proteins were copurified with PDCD2L with a SILAC enrichment ratio of Ͼ2.0 and a minimum of two detectable peptides (see Table S2 in the supplemental material). Notably, RPS2 and PRMT3 were the strongest interaction partners of PDCD2L, showing high specificity and peptide intensity (Fig. 3A) , suggesting the existence of a stable PDCD2L-RPS2-PRMT3 complex. The purification of PDCD2L also recovered several factors that have been shown to be preribosomal factors composing the pre-40S particle or are yeast homologs of known pre-40S components (40) (41) (42) : hRRP12, Bystin/ENP1, C21orf70, PNO1, hLTV1, and NOC4L ( Fig. 3A ; see also Table S2 in the supplemental material). Validation experiments confirmed that the enrichment of 40S preribosomal factors in the GFP-PDCD2L SILAC experiment was not dependent on the use of a GFP fusion protein, as a Flag-tagged version of PDCD2L specifically recovered hRRP12, hLTV1, and PNO1 (Fig. 3B) . Furthermore, analysis of the SILAC/MS data revealed a significant enrichment of ribosomal proteins from the small subunit compared to the large ribosomal subunit (see Fig. S2 in the supplemental material). These results suggest that a fraction of PDCD2L is associated with pre-40S particles.
We next used sucrose gradients coupled to velocity sedimentation to examine the distribution of endogenous PDCD2L relative to known 40S maturation factors. As shown in Fig. 3C , the majority of PDCD2L was present in the low-density fractions, steadily decreasing from fractions 3 to 7. Notably, a fraction of PDCD2L clearly cosedimented with free 40S subunits/pre-40S particles, as demonstrated by the increased levels of PDCD2L detected in fractions 9 and 10, which are enriched in hLTV1, hRRP12, and RPS2. Fractions corresponding to free 60S, 80S monosomes, and polyribosomes showed barely detectable levels of PDCD2L (fractions 11 and 12) (Fig. 3C and data not shown) .
The above-mentioned results suggest that a fraction of PDCD2L physically associates with immature pre-40S particles and/or mature 40S ribosomal subunits. To clarify the nature of the 40S particle associated with PDCD2L, we analyzed the type of rRNA associated with PDCD2L using RNA coimmunoprecipitation (RIP) assays. Two major forms of 3=-extended 18S rRNA precursors are associated with pre-40S particles in mammalian cells (Fig. 3D) : the 21S pre-rRNA that is found in the nucleus and the 18S-E pre-rRNA that can be found in both the nucleus and the cytoplasm (43) . Northern blot analysis of RNAs prepared from PDCD2L immunoprecipitates using a probe complementary to internal transcribed spacer 1 (ITS1) sequences (Fig. 3D , red probe) revealed a robust enrichment of the 18S-E rRNA precursor relative to the control purification (Fig. 3E, compare lanes 3 and 4,  and F) . A slight enrichment (1.5-to 2-fold) in 21S pre-rRNA was also detected after a long exposure (data not shown) but was substantially less than the marked enrichment of 18S-E pre-rRNA (Fig. 3F) . In contrast, similar levels of mature 18S rRNA were detected in PDCD2L and control immunoprecipitates (Fig. 3E) . Taken together, the data presented in Fig. 3 indicate that PDCD2L associates with pre-40S particles.
PDCD2L shuttles between the nucleus and the cytoplasm and interacts directly with CRM1. Recent studies aimed at identifying shuttling substrates of CRM1, the major transport receptor for the export of proteins and RNPs from the nucleus, have identified peptides corresponding to endogenous PDCD2L (44, 45) . To validate that PDCD2L is exported from the nucleus in a CRM1-dependent manner, we analyzed the localization of GFP-PDCD2L after incubation with the CRM1 inhibitor leptomycin B (LMB) (46) . Whereas GFP-PDCD2L localized mainly to the cytoplasm in the absence of LMB (Fig. 4Aa to c) , the majority of cells displayed PDCD2L localization throughout the nucleus after LMB treatment (Fig. 4Ad to f) . Notably, most cells showed PDCD2L accumulation in the nucleus after only 40 min of LMB treatment (see Fig. S3 in the supplemental material). In contrast, PRMT3 did not show CRM1-dependent shuttling in U-2 OS cells, as the cytoplasmic localization of GFP-PRMT3 was not affected by the inhibition of CRM1 by LMB (Fig. 4Ag to l) .
The rapid retention of PDCD2L in the nucleus after LMB treatment suggested that PDCD2L might be a direct substrate of CRM1-mediated export. We therefore analyzed the amino acid sequence of PDCD2L using computer algorithms (47, 48) to predict the presence of a leucine-rich nuclear export signal (NES), which is recognized by CRM1 (49) . Notably, both prediction tools The LexA, LexA-RPS2, and LexA-PDCD2L proteins were coexpressed with full-length VP16-PRMT3. Protein interactions were measured by using liquid ␤-galactosidase assays in the S. cerevisiae L40 strain and are reported in Miller units. Data and error bars represent the means and standard deviations, respectively, from three independent experiments using two independent transformants. (C) Western analysis of total extracts (lanes 1 to 3) and GFP immunoprecipitates (lanes 4 to 6) prepared from HEK 293 cells stably expressing GFP-PABPN1 (lanes 1 and 4) and GFP-PRMT3 (lanes 2, 3, 5, and 6) that were previously treated with RPS2-specific (lanes 3 and 6) and control nontarget (lanes 1, 2, 4, and 5) siRNAs. (D) Quantification of RPS2 and PDCD2L levels in GFP-PRMT3 immunoprecipitates. RPS2 and PDCD2L copurification levels (normalized to GFP-PRMT3 levels) were set to 1.0 for cells treated with control nontarget siRNAs. Data and error bars represent the means and standard deviations, respectively, from four independent experiments. ****, P Ͻ 0.0001, as determined by Student's t test. (E) Western analysis of total extracts (lanes 1 to 4) and Flag immunoprecipitates (lanes 5 to 8) prepared from HEK 293 cells stably expressing Flag-PDCD2L (lanes 3, 4, 7, and 8) and the empty vector control (lanes 1, 2, 5, and 6) that were previously treated with PRMT3-specific (lanes 2, 4, 6, and 8) and control nontarget (lanes 1, 3, 5, and 7) siRNAs.
FIG 3 PDCD2L associates with late 40S precursors. (A) GFP-PDCD2L SILAC copurification results plotted by SILAC ratios on the x axis (intensity of peptides
originating from the GFP-PDCD2L purification versus the control purification), which reflects signal specificity, and signal intensity on the y axis (total peptide intensity for each protein normalized to molecular mass), which reflects the relative abundance of each protein in the purification. Proteins presenting SILAC ratios of Ͼ2.0 and Ͻ2.0 are shown. Factors known to be associated with late pre-40S particles are shown in orange. (B) Western analysis of total extracts (lanes 1 and 2) and Flag immunoprecipitates (lanes 3 and 4) prepared from HEK 293 cells that stably express Flag-tagged versions of PABPN1 (lanes 1 and 3) and PDCD2L (lanes 2 and 4). (C) Western analysis of endogenous proteins using fractions of centrifuged sucrose gradients that were prepared by using extracts of HEK 293 cells. The positions of the 40S, 60S, and 80S sedimentations are indicated at the bottom. (D) Schematic of 18S rRNA biogenesis in human cells. Following cleavage at sites 01/A=, A0, 1, and 2, the 21S pre-rRNA is matured into the 18S-E precursor in the nucleus. Final maturation of the 18S-E pre-rRNA into mature 18S rRNA occurs in the cytoplasm. Probes used to detect the 18S-E pre-rRNA (red) as well as mature 18S (blue) and 28S (green) rRNAs are indicated. ETS, external transcribed spacer; ITS, internal transcribed spacer. (E) Western blot (WB) (top two panels) and Northern blot (NB) (bottom three panels) analyses of protein and RNA, respectively, prepared from total cell extracts (lanes 1 and 2) and Flag immunoprecipitates (lanes 3 and 4) using HEK 293 cells that stably express Flag-tagged versions of PABPN1 (lanes 1 and 3) and PDCD2L (lanes 2 and 4). The 18S-E, 18S, and 28S RNAs were detected by using the specific probes shown in panel D. (F) Quantification of 18S-E pre-rRNA enrichment. 18S-E levels were normalized to levels of mature 18S rRNA. The values were then set to 1.0 for the control Flag-PABPN1 purification. Data and error bars represent the averages and standard deviations, respectively, from three independent experiments. identified a putative leucine-rich NES between amino acids 162 and 167 of human PDCD2L, a motif that appears to have been conserved in diverse PDCD2L homologs (Fig. 4B) . To test the functional importance of this motif for PDCD2L nucleocytoplasmic shuttling, we substituted Leu162, Leu165, and Leu167 for alanine residues (PDCD2L NESmut ). The triple-alanine substitution did not disrupt the folding of PDCD2L, as wild-type and NES mutant versions of PDCD2L recovered similar levels of RPS2 and PRMT3 after affinity purification (see Fig. S4 in the supplemental material). However, in contrast to wild-type PDCD2L, the NES mutant version was completely retained in the nucleus (compare Fig. 4Ca and d) . We also addressed whether the NES of PDCD2L could promote CRM1-dependent nuclear export of a GFP reporter, which localizes predominantly to the nucleus at steady state (Fig. 4Da) . We thus fused 28 amino acids (aa 153 to 181) of PDCD2L containing either the wild-type or mutant version of the NES to the C terminus of GFP (Fig. 4E) . Amino acids 153 to 181 of PDCD2L were sufficient to stimulate the export of the GFP re- porter to the cytoplasm (compare Fig. 4Da and g ). The nuclear export of the GFP-NES-PDCD2L reporter was dependent on CRM1, as it accumulated in the nucleus after LMB treatment (compare Fig. 4Dg and j) . Importantly, the GFP reporter fused to the mutant version of the PDCD2L NES remained primarily localized to the nucleus (Fig. 4Dm) . We therefore conclude that the PDCD2L NES is necessary and sufficient for CRM1-dependent nuclear export.
Next, we examined whether the NES of PDCD2L can mediate a direct interaction with CRM1. To this end, we performed flow cytometry-based in vitro binding assays using fluorescently labeled recombinant CRM1 (37) together with recombinant versions of wild-type and mutant GST-PDCD2L. Binding assays were performed in the absence and presence of Ran Q69L -GTP and a fragment of Nup214, which stabilize the interaction between CRM1 and its substrates (37) . A GST-tagged version of HIV-1 Rev, which contains a leucine-rich NES (50), was used as a positive control and bound to CRM1 in a RanGTP-dependent manner, whereas GST alone did not (Fig. 4F) . Notably, direct binding between CRM1 and PDCD2L was observed but was significantly reduced when the NES mutant version of PDCD2L was analyzed (Fig. 4F) . These results indicate that PDCD2L is a nucleocytoplasmic shuttling protein that is an export substrate of CRM1.
PDCD2L transits through the nucleolus. Although PDCD2L localizes predominantly to the cytoplasm at steady state, analysis of higher-magnification images showed punctate nuclear signals that were reminiscent of nucleolar staining (Fig. 5g) , which are sites of ribosome biogenesis. To test the possibility that the punctate nuclear staining of PDCD2L corresponded to nucleoli, we combined GFP-PDCD2L localizations with an immunostaining procedure for endogenous fibrillarin, which is a nucleolar marker protein (Fig. 5d) . Comparison of the different staining methods showed that GFP-PDCD2L was concentrated in nuclear regions that coincided with antifibrillarin staining (Fig. 5d, g, and j) . The observation that GFP-PDCD2L localizes to nucleoli is consistent with data from proteomic studies that found that PDCD2L is part of the nucleolar proteome (51) . Interestingly, the GFP-PDCD2L nucleolar signal increased shortly after LMB treatment (Fig. 5h ) but was gradually lost over time (Fig. 5i) . These results suggest that PDCD2L transits through the nucleolus before it is exported to the cytoplasm.
Deletion of PDCD2L results in the accumulation of free 60S ribosomal subunits. Our results showing that PDCD2L associates with factors involved in late stages of 40S ribosomal subunit maturation ( Fig. 3A and B) , copurifies with pre-40S particles (Fig. 3C  to F) , and shuttles between the nucleus and the cytoplasm using a leucine-rich NES (Fig. 4) suggested that PDCD2L could act as an adaptor protein for CRM1-mediated export of pre-40S particles. We therefore performed RNAi experiments to examine the effect of PDCD2L depletion on pre-40S export from the nucleus. Two independent assays were used to monitor pre-40S localization: (i) fluorescent in situ hybridization (FISH) using an ITS1-specific probe to detect the accumulation of 18S-E pre-rRNA in the nucleoplasm and/or the reduction of 18S-E pre-rRNA in the cytoplasm and (ii) immunostaining of the late pre-40S-associated factor hLTV1 for nuclear accumulation in PDCD2L-deficient cells. Whereas CRM1 inhibition using LMB showed the expected accumulation of 18S-E pre-rRNA and hLTV1 in the nucleoplasm, PDCD2L depletion did not result in a detectable change in the pre-40S subcellular localization (data not shown). We also analyzed the levels of 40S pre-rRNA species by Northern blotting using probes complementary to ITS1-specific sequences. Control experiments targeting the pre-40S maturation factor Bystin (Fig.  6A, lane 3) resulted in the accumulation of 21S pre-rRNA together with reduced levels of mature 18S rRNA (Fig. 6B , compare lane 3 to lane 1, to D), consistent with previously reported observations (34) . In contrast, despite efficient PDCD2L depletion (Fig. 6A,  lane 2) , a deficiency in PDCD2L did not result in the accumulation of 21S and 18S-E rRNA precursors (Fig. 6B to D) . To test the possibility that residual levels of PDCD2L after RNAi-mediated depletion are sufficient to promote pre-40S nuclear export, we used CRISPR-Cas9-mediated genomic targeting in HeLa cells to generate multiallelic mutations in PDCD2L, resulting in cells with undetectable levels of the PDCD2L protein (see Fig. S5 in the supplemental material). Consistent with siRNA-mediated depletions of PDCD2L, PDCD2L-null cells did not reveal major defects in the maturation of pre-40S particles as determined by Northern analysis (data not shown) and rRNA pulse-chase assays (see Fig.  S6 in the supplemental material) . However, analysis of the ribosome distribution by sucrose gradient centrifugation showed the accumulation of free 60S ribosomal subunits using two independent knockout clones of PDCD2L (Fig. 7A , compare clones 1A3 and 3B2 to the WT), yet the levels of free 40S ribosomal subunits did not appear to change between PDCD2L knockout and control parental cells (Fig. 7A) . The accumulation of free 60S subunits in PDCD2L-null cells significantly altered the stoichiometry between free 40S and 60S ribosomal subunits (Fig. 7B) but not the overall content of 80S monosomes and polyribosomes (Fig. 7A) .
To ensure that the accumulation of free 60S ribosomal subunits in PDCD2L knockout cells was indeed caused by a deficiency in PDCD2L, we performed rescue experiments using a Flagtagged version of PDCD2L. The expression of wild-type PDCD2L restored the increased levels of free 60S ribosomal subunits detected in PDCD2L-null cells (compare Fig. 7C2 and 3) , resulting in levels of free 60S similar to those in parental control cells (Fig.  7C1) . In contrast, PDCD2L-null cells transfected with the empty vector control showed the expected accumulation of free 60S ribosomal subunits (Fig. 7C2) .
PDCD2L and its paralog, PDCD2, function redundantly in ribosome biogenesis. In addition to PDCD2L, our analysis of PRMT3-associated proteins also identified PDCD2 (see Table S1 in the supplemental material), a paralog of PDCD2L that is 30% identical (52% similar) to human PDCD2L. Based on data from sequence analyses, PDCD2 is thought to have arose from a duplication of the PDCD2L gene prior to the divergence of animals, fungi, and plants from a common ancestor (28) . Interestingly, it was recently found that the Drosophila homolog of PDCD2, Zfrp8, interacts with Rps2 (52) . Considering the seemingly similar functions ascribed to human PDCD2L and Drosophila PDCD2 (Zfrp8), we examined whether human PDCD2 contributes to ribosome biogenesis and potentially acts redundantly to PDCD2L. As shown in Fig. 8A , PDCD2 was efficiently depleted from the parental HeLa cell line (lane 2) as well as from PDCD2L-null cells (lane 4). Analysis of ribosome production using extracts prepared from PDCD2-depleted cells showed reduced levels of free 40S ribosomal subunits together with increased levels of free 60S subunits (compare Fig. 8Ba and b) , affecting the levels of 80S monosomes but not the levels of polysomes. We next examined the effect of depleting PDCD2 in PDCD2L-null cells to characterize the functional relationship between PDCD2 and PDCD2L. Notably, the combined deficiency of both PDCD2 and PDCD2L resulted in a synergistic increase in the ratio of 60S/40S free subunits relative to the single depletion of either PDCD2 or PDCD2L (compare Fig. 8Bd to b and c) . Cells deficient for both PDCD2 and PDCD2L also showed reduced levels of 80S monosomes as well as a reduction in the amplitude of polysome peaks relative to single depletions of PDCD2 and PDCD2L (Fig. 8B) . The functional relationship between PDCD2 and PDCD2L in 40S ribosomal subunit biogenesis demonstrated by sucrose gradient analyses was supported by data from Northern blotting assays of pre-rRNA processing using an ITS1-specific probe. Accordingly, cells deficient for PDCD2 showed an accumulation of 18S-E and 21S prerRNAs (Fig. 8C, lane 2) , an accumulation which was further increased by the codepletion of both PDCD2 and PDCD2L (Fig. 8C,  lane 4 , to E). Cells deficient for both PDCD2 and PDCD2L also showed reduced levels of mature 18S rRNA (Fig. 8C, lane 4) . From these results, we conclude that PDCD2 is important for optimal 40S ribosomal subunit production and that PDCD2 and PDCD2L have partially overlapping functions in 40S biogenesis.
To further investigate the functional relationship between PDCD2L and PDCD2, we used SILAC-based quantitative proteomics to determine the protein interaction network of human PDCD2. Using a stable cell line conditionally expressing a GFPtagged version of PDCD2, we identified 80 proteins that copurified with PDCD2 with a SILAC enrichment ratio of Ͼ2.0 and a minimum of two detectable peptides (see Table S3 in the supplemental material). As for PDCD2L, RPS2 and PRMT3 were the strongest interaction partners of PDCD2, showing robust peptide intensities (Fig. 8F) . Interestingly, despite the fact that both PDCD2 and PDCD2L associated with the RPS2-PRMT3 duo, PDCD2L peptides were not detected in the PDCD2 purification, and reciprocally, PDCD2 was not identified as a PDCD2L-associated protein. Furthermore, mass spectrometry analysis of PDCD2-associated proteins did not lead to the recovery of preribosomal maturation factors, which is in striking contrast to PDCD2L, for which several pre-40S components were identified and validated (Fig. 3) . Taken together, our data suggest some level of redundancy between PDCD2L and PDCD2 paralogs in 40S ribosomal subunit biogenesis, contributing to parallel pathways that would converge to the RPS2-PRMT3 complex.
DISCUSSION
In this study, we report that human PDCD2L forms a stable complex with RPS2 and the protein arginine methyltransferase PRMT3. Our results also indicate that PDCD2L is a nucleocytoplasmic shuttling protein that associates with pre-40S particles and that a disruption of PDCD2L expression leads to the accumulation of free 60S ribosomal subunits, findings which suggest a role for PDCD2L in the supply of mature 40S ribosomal subunits.
RPS2 forms an extraribosomal complex with PRMT3 and PDCD2L. Our analysis of PRMT3-and PDCD2L-associated proteins using SILAC-based proteomics revealed that both PRMT3 and PDCD2L strongly associate with RPS2. Notably, levels of Pre-rRNAs were detected by using a probe complementary to sequences in the 5= ITS (red probe in Fig. 3D ) region. Pre-rRNA species are indicated on the left. Areas from the same blot were spliced to remove irrelevant lanes (between lanes 2 and 3). (C and D) 18S-E (C) and 21S (D) pre-rRNA levels were normalized to the 28S rRNA level and are expressed relative to levels in cells treated with control siRNA. Data and error bars represent the means and standard deviations, respectively, from 8 independent (siBystin) and 10 independent (siPDCD2L) experiments. **, P value of Ͻ0.01, as determined by Student's t test.
RPS2 were 1,000 times and 200 times higher than the levels of the next most abundant ribosomal protein detected in the PRMT3 and PDCD2L purifications, respectively. Consistent with our results, data from a recent study using high-throughput affinity purification coupled to mass spectrometry detection also support the existence of a stable PRMT3-RPS2-PDCD2L complex in human cells (53) . The robust levels of RPS2 detected after the purification of human PRMT3 (Fig. 1A ) are also consistent with data for fission yeast, where RPS2 was the predominant ribosomal protein identified after purification of S. pombe Rmt3 (21) . In addition, a two-hybrid-based interaction map of the Drosophila proteome (39) shows interactions between SOP and TRUS (RPS2 and PDCD2L) as well as between SOP and ART3 (RPS2 and PRMT3) but not between ART3 and TRUS (PRMT3 and PDCD2L). These observations are consistent with our data (Fig. 2C and D) indicating that RPS2 is required for the copurification of PDCD2L and PRMT3. Collectively, the above-mentioned interactions detected in S. pombe, Drosophila, and human support the existence of a conserved complex consisting of PRMT3, RPS2, and PDCD2L. An increasing number of studies suggest functional roles for ribosomal proteins outside the ribosome (54, 55) . Although the extraribosomal function of RPS2 remains to be determined, its association with proteins that are functionally linked to ribosome biosynthesis, namely, PRMT3 and PDCD2L, suggests that the extraribosomal role of RPS2 will be related to the regulation of ribosome biogenesis, which appears to be the case for many of the extraribosomal functions of ribosomal proteins (56) .
PDCD2L contributes to the biogenesis of small ribosomal subunits. In addition to the identification of a complex between PDCD2L, RPS2, and PRMT3, our study suggests that a fraction of PDCD2L escorts late precursors of the 40S ribosomal subunit to the cytoplasm. The conclusion that PDCD2L physically associates with pre-40S ribosomal particles is supported by several observations: (i) SILAC-based proteomic analyses of PDCD2L-associated proteins identified several maturation factors found in late pre-40S ribosomal particles, including hRRP12, hLTV1, PNO1, bystin, NOC4L, and C21orf70 ( Fig. 3A and B) ; (ii) immunoprecipitates of PDCD2L were preferentially enriched for ribosomal proteins of the 40S subunit relative to the 60S subunit (see Fig. S2 in the supplemental material); (iii) PDCD2L cosedimented with 40S/pre-40S particles on sucrose gradients (Fig. 3C) ; and (iv) PDCD2L-bound 40S particles were enriched for 18S-E pre-rRNA ( Fig. 3E and F) , the last precursor of mature 18S rRNA. Important to this study is also the demonstration that PDCD2L actively shuttles between the nucleus and the cytoplasm via binding to the major cellular exportin CRM1 using a leucine-rich NES (Fig. 4) . Accordingly, the association of PDCD2L with pre-40S particles together with the ability of PDCD2L to rapidly export the nucleus via a direct interaction with CRM1 suggest a model in which PDCD2L serves as an adaptor protein for CRM1-mediated export of pre-40S particles. In this model, nucleolar PDCD2L (Fig. 5) would be recruited to 40S precursors via interactions with RPS2, a late-associating ribosomal protein that has been shown to be important for the nuclear export of pre-40S subunits (57) (58) (59) . The leucine-rich NES of PDCD2L could then recruit CRM1 to nuclear pre-40S particles to stimulate transit through the nuclear pore complex to the cytoplasm. However, our data revealed that PDCD2L is not absolutely required for the export of 40S precursors in HeLa cells, as PDCD2L-null cells are viable and do not show a global retention of pre-40S particles in the nucleus. In contrast to data from steady-state RNA analyses and FISH assays, which may not readily detect a modest reduction in the biogenesis and function of ribosomes, analysis of ribosome profiles by sucrose gradient sedimentation can provide a highly sensitive assay, as ribosomes are analyzed as free subunits, single monosomes, and polysomes. Since 5 to 10% of the ribosomal subunits are not assembled into ribosomes (60, 61) , a slight deficiency in ribosomal subunit availability can result in a detectable change in the ratios between free ribosomal subunits, which may not be detected for the whole ribosome population. Accordingly, despite the absence of noticeable changes in monosome and polysome distributions, analysis of ribosome profiles using extracts from PDCD2L-null cells revealed the accumulation of free 60S ribosomal subunits. Such accumulations of free 60S subunits are generally the consequence of an alteration in 40S subunit production as a result of a deficiency in a factor that promotes smallsubunit biogenesis (21, 35, (62) (63) (64) . Consistent with this view, the depletion of the putative homolog of PDCD2L in S. cerevisiae, Tsr4p, results in a striking accumulation of free 60S subunits together with reduced levels of free 40S ribosomal subunits (29) . 2) and PDCD2L-null (1A3) (lanes 3 and 4) cells that were previously treated with PDCD2-specific (lanes 2 and 4) or control nontarget (lanes 1 and 3) siRNAs. Pre-rRNAs were detected by using a probe complementary to sequences in the 5= ITS region. Pre-rRNA species are indicated on the left. (D and E) 18S-E (D) and 21S (E) pre-rRNA levels were normalized to the 28S rRNA level and are expressed relative to values for cells treated with control siRNAs. Data and error bars represent the means and standard deviations, respectively, from six independent experiments. **, P value of Ͻ0.01, as determined by Student's t test. (F) GFP-PDCD2 SILAC copurification results plotted as SILAC ratios on the x axis and signal intensities on the y axis. Proteins presenting SILAC ratios of Ͼ2.0 and Ͻ2.0 are indicated. GFP-PDCD2, RPS2, and PRMT3 are shown in color.
Intriguingly, the accumulation of free 60S subunits detected in PDCD2L-null cells was not accompanied by an apparent decrease in the levels of free 40S ribosomal subunits. Although the core features of ribosome assembly are similar from yeast to humans and several proteins involved in the biogenesis of 40S subunits are evolutionarily conserved, data suggest that ribosome biogenesis has increased in complexity and flexibility during the course of evolution (65, 66) . Accordingly, whereas the TSR4 gene is indispensable for the viability of budding yeast, our data indicate that PDCD2L is not essential in HeLa cells, suggesting the presence of redundant factors that can compensate for the absence of PDCD2L in mammalian cells or the acquisition of a specialized function.
One potential candidate that could compensate for the production of small ribosomal subunits in the absence of PDCD2L is its paralog, PDCD2. Indeed, the synergistic defect in 60S subunit accumulation in cells deficient for both PDCD2L and PDCD2 (Fig. 8) suggests functional redundancy between the two paralogs. Moreover, our data indicate that both PDCD2 and PDCD2L form a complex with RPS2 and PRMT3, yet they appear to form two independent complexes, as PDCD2L was not detected in the PDCD2 purification, and reciprocally, PDCD2 was not identified as a PDCD2L-associated protein. Members of a duplicate gene pair can follow different fates after a duplication event. For instance, one paralog might accumulate mutations and evolve a new function, whereas the other paralog retains its ancestral function; alternatively, mutations in both paralogous genes can lead to a partitioning of their ancestral function (67) . PDCD2L and PDCD2 belong to a family of proteins containing a TYPP domain, which was interrupted by the insertion of an MYND zinc finger domain in PDCD2 (28) . It is probable that the insertion of an MYND domain in PDCD2 allowed the acquisition of new functions, which may explain the lack of overlap between the protein interaction networks of PDCD2 and PDCD2L, with the exception of RPS2 and PRMT3. We therefore speculate that PDCD2L and PDCD2 contribute to 40S ribosomal subunit production via parallel pathways that converge to the RPS2-PRMT3 complex.
The exact mechanism underlying the PDCD2L-dependent accumulation of free 60S subunits still needs investigation but may include possible influences on the export of pre-40S particles. We see at least two plausible scenarios that could explain the accumulation of free 60S subunits without apparent changes in the levels of 40S subunits in PDCD2L-null cells: (i) PDCD2L functions as one of several redundant adaptors that promote the CRM1-mediated nuclear export of pre-40S particles, or (ii) PDCD2L contributes to the export and/or maturation of a subpopulation of 40S ribosomal particles that is involved in a specialized function. The first possibility is supported by evidence showing that Rio2, a conserved ribosome biogenesis factor that binds directly to CRM1 and associates with 40S precursors, promotes pre-40S export in yeast and humans (42, 68) . Ltv1p and Dim2p, which are the homologs of mammalian hLTV1 and hDIM2/PNO1, respectively, have also been shown to promote pre-40S export in S. cerevisiae and were suggested to be possible adaptors for CRM1-mediated export of 40S precursors (69, 70) . Evidence from yeast also indicates that the conserved Mex67-Mtr2 complex can facilitate the nuclear export of pre-40S particles (71) and that Rrp12p binds to pre-rRNA to promote the export of ribosomal subunits (72) . It is therefore likely that redundant pre-40S export adaptors allow sufficient pre-40S export in the absence of PDCD2L to cause only minimal perturbations in 40S availability in the cytoplasm of PDCD2L-null cells. Consistent with the activation of compensatory pathways, we found that trans-acting factors involved in the late stages of 40S subunit maturation were upregulated in PDCD2L-null cells (see Fig. S7 in the supplemental material) .
In summary, we provide evidence for the existence of an evolutionarily conserved extraribosomal complex that includes PDCD2L, RPS2, and PRMT3. Furthermore, our functional characterization of human PDCD2L suggests that it has a role in smallsubunit biogenesis, possibly acting as an adaptor protein for CRM1-dependent nuclear export of pre-40S particles. Given that PDCD2L appears to contribute to cell cycle progression and cell proliferation in humans (73) and Drosophila (74, 75) , elucidating the cellular functions of PDCD2L should provide significant insights into the mechanisms that coordinate ribosome biogenesis and cellular proliferation.
